We report vapor-phase synthesis of single-crystalline freestanding Ag nanowires (NWs) and polarized surface-enhanced Raman scattering (SERS) of a single NW. To the best of our knowledge, vapor-phase synthesis of single-crystalline Ag NWs and polarized SERS on an individual NW have not yet been reported.
images of Ag NWs, showing that the tips of NWs are round, and NWs have clean surfaces and diameters of 80-150 nm.
The XRD patterns of as-grown NW ensembles (Supporting Information Figure S1 ) are indexed perfectly to the face-centered cubic (fcc) crystal structure of Ag (Fm3m, a ) 0.4086 nm, JCPDS 04-0783). Figure 1b shows a HRTEM image of a NW with clear lattice fringes, which reveal the single-crystalline nature of the NW. The lattice spacing is measured to be 0.29 nm, agreeing well with that of (110) planes of fcc Ag. This also shows that NWs grow along the [100] crystallographic direction. The energy-dispersive X-ray spectroscopy (EDS) mapping confirms that the NW is composed of only Ag ( Figure S2 ). Figure 1c -e presents selected area electron diffraction (SAED) patterns of a Ag NW taken at various zone axes by rotating along the long axis of the NW. All of the spot patterns can be completely assigned to the fcc Ag structure, further confirming the single-crystallinity of the NW.
The Ag NWs prepared by solution methods have pentagonal cross-sections and are bicrystalline, 4 whereas the free-standing NWs prepared here by vapor-phase method are single-crystalline with round cross-sections.
An optical microscope image of a single Ag NW is shown in Figure 2a . A drop of 10 -2 M ethanolic solution of brilliant cresyl blue (BCB) was put and dried on a Si substrate. The green laser spot is seen near the center of the NW. P is a spot where the laser is focused outside the NW to obtain a SERS spectrum of the Si plate for comparison; θ is the angle between the NW axis and the † KAIST. ‡ Korea University. § KIST. | KRICT. Figure 2b shows SERS spectra of BCB adsorbed on a single NW obtained by a homemade micro-Raman spectrometer. The top spectrum was obtained for θ ) 90°, the middle θ ) 0°, and the bottom at point P, respectively. The excitation wavelength was 514.5 nm, and the laser power was 0.8 mW. Strong enhancement of the SERS signal was observed when θ ) 90°. Local electric field intensities near the NW were calculated by using the finite difference time domain (FDTD) method with the incident light of 514.5 nm (Figure 2c ). 5 Black circles represent the NWs. The diameter of the NW was set as 100 nm in the calculation. The k-and E-vectors indicate the incident direction of laser light and the polarization direction, respectively. The calculation shows that local electric field is most strongly enhanced when the NW axis is normal to the laser polarization direction, which agrees well with the observed spectra. Figure 2d shows polar plots of integrated SERS intensities of the 580 and 1650 cm -1 Raman bands with respect to θ. The blue and magenta lines represent best fits to a cos 2 θ function corrected for the damping due to bleaching. 6 To the best of our knowledge, this is the first time a SERS spectrum of a single NW is reported. Figure 2 shows that strongly anisotropic SERS enhancement can be induced by the localized excitation of a single NW, while Yang's and Moskovits's groups observed previously similar anisotropic enhancement for a monolayer and raft of NWs, respectively. 7 FDTD calculation results of Figure 2c show that 514.5 nm light can excite only the transverse mode of the surface plasmon of the NW and induces strongly enhanced local electrical field near the NW. 7 Polarization dependence of SERS has been investigated for various nanostructures, including nanoparticles, dimers and aggregates of nanoparticles, aligned NWs, and nanorod arrays. [6] [7] [8] [9] Whereas the classical electromagnetic field (EM) theory predicts cos 4 θ dependence, cos 2 θ dependence has been reported in several cases. 7a,9c In summary, we showed that free-standing single-crystalline metal NWs can be synthesized in the vapor phase by an extremely simple method of using a single precursor. This new method provides NWs with a clean surface that can serve as a well-defined and well-characterized SERS-active system. We demonstrated that SERS on a single NW showed strong polarization dependence that agreed with FDTD calculation results. 
